introduction
Information gathered during the past several years has strengthened the idea that, where present, the Rift Valley of the Mid-Oceanic Ridge is the locus of emplacement of new oceanic crust and accompanying ocean-floor widening [1,2]. Some models accounting for magnetic anomaly records [3-61 indicate that the locus is considerably narrower.
The Rift Valley has been crossed hundreds of times by oceanographic vessels but most studies treat it at a scale more appropriate to the Mid-Oceanic Ridge as a whole. During September 1972, as a contribution to the French-American Mid "Jean Charcot" spent 10 days over a 25 km long segment of the Rift Valley west of Santa Maria island in the Azores (Fig. 1) . We give an outline of morphological and other characteristics of this particular area, and use the evidence to examine aspects of the general problem of the formation of the Rift Valley.
Within the area visited by the "Charcot", deep, inward-facing slopes of the Rift walls border a narrow Inner Floor straddling the axis of the Rift Valley. Mapping the Inner Floor showed the presence of a ridge, or succession of hills, here called the Central High. We lay some emphasis on evidence related to the origin of the Central High and to the shape and character of the Inner Floor because it seems likely that they are relevant to any scheme of crustal growth. For the same reason we comment on the comparative morphology and possible age of the Rift Valley in different parts of the ocean. 
Morphology
Mapping was conducted at 5-6 knots, using a standard 12-kHz wide-beam precision echo-sounder, satellite navigation and taut, moored buoys equipped with radar reflectors. Judging from the shifts required t o match sea-floor depths at cross-overs of plotted tracks (Fig. 2) , the mean precision of navigation was generally better than about 1 km. The topographic sketch (Fig. 3) is an attempt to show the gross morphology of the Rift Valley, omitting complexities that were not reasonably well resolved. Additional data was collected on station, whiie the ship was drifting, or steaming at about 1 knot. The reduced speeds led to improved ship's positioning and to clearer resolution of depths recorded on the echograms (Fig. 4) .
Rift Valley walls
The dominant strike of the Rift Valley between 3 6 ' 4 2 '~ and 3 6 ' 5 5 '~ is close to 020' (Fig. 3) . Both northern and southern ends of the Rift Valley inter- Fig. 1 and 2 ) Depths read from conventional 12-kHz precision echo-sounding records and corrected for sound velocity (101. Records were obtained at 5-6 knots and show less detail than those obtained at slower speeds during station operations (Fig. 4) . Solid lines indicate locations of topographic profiles shown in (Fig. 3) ; based on soundings taken on station while ship was drifting, or steaming at about 1 knot or less. Depths in units of 11400 sec (uncorrected fathoms), read from conventional precision echo-sounding records set for sound velocity in water of 800 fm (1463 m) per sec. Map drawn using data points shown in bottom right-hand corner inset. Locations are shown for dredging stations (black-bars), towed Troika camera sled and conventional camera stations (dotted lines), and for piston coring station (asterisk). Large linear features, with regional gradients of less than 6", lie on the walls of the Rift Valley and have the appearance of blocks or steps on which ridges or individual hiils are superimposed (Figs. 3, 5 and 6). Steps bordered by topographic deeps appear as isolated topographic highs, 2-4 km wide and up to 18 km long. The most prominent steps tend to be continuous along strike between the transform faultl fracture zone complexes.
SOME CHARACTERISTICS OF THE
Step W1 (Fig. 6) , however, loses its identity where it deepens to the north near 36'49'~.
The inne~most of opposing steps that are shallower than 1200 m are taken to represent the inner edges or ridges of the Rift Mountains [ l ] and to mark the lateral lirnits of the Rift Valley. The width of the Rift Valley so defined is at Ieast 3 1 km and its depth is about 1500 m (Fig. 3) .
Slopes with regional gradients of 6"-23" lie on the inward (closest to the Rift Valley axis) sides of the steps. The steepest inward-facing slope borders the western side of the Inner Floor (Figs. 3 and 6 ). The back, or outer, slopes of steps that are separated along topographic deeps have regional gradients of 10'-16' (Fig. 6) . There is some very limited evidence that gradients of the inward-facing slopes tend t o flatten towards the tops of the Rift Valley walls and that those of the outer slopes tend to steepen. The echograms, particularly those recorded at 1 knot or less, show that some of the major structures incorporate smaller units; scarps, or cliffs, with gradients of 45" to nearly 90" and with widths of less than a few hundred metres, separate two or more narrow benches on a single regional slope. For example, such benches occur on the inward-facing slope leading down from step El (Figs. 3 , s and 6) . deep, i.e. about 850 m above the Inner Floor ( Fig. 3 ; Fig. 7, profile A) . Troughs in what we identify as the Rift Mountains [ l ] stand at a similar elevation above the Inner Floor (Fig. 7, profile A) . The part of the Rift Valley deeper than the reference level is about 8 km wide north of 36'50'~, and about 4.5 km wide further south (Fig. 3). 
Inner Floor and Central High.
The Inner Floor, lying between deep, inwardfacing slopes of the Rift Valley, has an average width of about 1.5 km (Fig. 3) . However, between 36'45'N and 36'48'N, the slopes deepen towards a narrower zone that is less than about 0.5 km wide near 36'46'N ( Fig. 3; Fig. 5, profile 9) . North of about 36'48'N, the main bordering slopes of the Inner Floor may be up to about 2.5 km apart (Fig. 5) ; on the eastern side, they may lie outside the ridge and valley near 36'50'~, 3 3 O 1 5 '~ (Fig. 4) . The Inner Floor is about 2500 m deep at the narrow pass near 36O45'N. It deepens towards the Rift Valley-transform faultlfracture zone intersections, the maximum depth in the mapped area being close to 2900 m (Fig.  3) .
A prominent topographic feature of the Inner Floor is the ridge, or line of hills, that we refer to as the Central High. The two largest h2ls occur between (Figs. 3 and 6) .
At first sight, the Centrai High seems to be a con-structional volcanic feature, or line of features, possibly built ove1 fissures, and with steep piilow flowfronts [16] . Alternatively, it might be argued that it owes at least part of its relief to faulting or that it is a volcano-tectonic structure with the location of intrusion and vulcanism determined by faulting [17] .
Asymmetry
The half-width of the Rift Valley from the middle line of the Inner Floor to the adjacent edge of the Rift Mountains is about 12 km on the western side and about 19 km on the eastern side (Fig. 3) . The regional gradients are about 7' and 4.5" for the western and eastern walls respectively, and average regional slopes are steeper on the western than on the eastern wall (Fig. 6 ). The setting of the Inner Floor with respect to the inner edges of the Rift Mountains is the principal feature of a second order morphological asymmetry that is associated with the walls of the Rift Valley in the mapped area (Fig. 3) .
In contrast to the asymmetrical relationships, the middle line of the Inner Floor is nearly symmetrically placed with respect to the inner edges of the opposing steps W2 and E l which are well defined by the 1750-m isobath, the mean depth of the reference level (Figs. 3 and 6) ; the distance is about 5 km on each side.
Chronology from magnetic anomalies
The magnetic pattern associated with the Rift Valley shows, after removal of the IGRF (1965.0) field [18] , the presence of a central positive anomaly with steep gradients. The steep gradients occur about 12.5 km east of the axis of the Inner Floor and about 3 km West of the axis (Fig. 8) , and define the positive anomaly sufficiently well to determine the location of normally magnetized crust.
We have modelled magnetic profde for the latitude and strike of the Rift Valley in the mapped area, assuming that the structures are cylindrical and strike 020°, and that the normally magnetized crust is of post-Matuyama age (< 6.9 X IO5 yr B.P.). The best match between the observed positive magnetic anomaly and the synthetic anomaly corresponds to an average opening rate of 2.2 cm yr-'. One can assign a spreading rate to each of the two limbs of the Rift Valley only if a locus for crust of zero age is chosen. Taking this to be the middle line of the Inner Floor (Fig. 3) , the spreading rates average over the Brunhes magnetic epoch are about 0.7 and 1.5 cm yr-' to the West and east respectively. The western edge of the normally magnetized block that accounts for the axial anomaly lies about 5 km from the middle line of the Inner Floor, whereas the eastern edge of the normally magnetized block is about 10.5 km from the middle line (Figs. 6 and 8) . The estimated spreading rates have a minimum uncertainty of + 0.1 cm yr-' if one argues that permissible choices for the locus of zero-age crust can be made over a width of at least 1 km.
The evidence from the magnetic anomaly pattern indicates that crust older than 6. The calculated rates of spreading represent averages over the Brunhes epoch. There is no evidence to show whether or not spreading rates varied within any short period of time, either during the Brunhes epoch, or before it. However, on the basis of one long profile extending beyond the mapped area (Fig.  3, profile A) , the average opening rate has been similar (about 2.1 cm yr-') since the Gilsa-Olduvai events (about 1.7 X 106 yr B.P.), and the spreading rate to the West has maintained an average value (0.9 cm YI') throughout the Matuyama epoch that is not very different from that for the Brunhes epoch.
Locus of new crust
The morphology of the Rift Valley, the character of oceanic magnetic anomalies and the present lack of evidence of prevailing large-scale volcanic activity on the Rift Valley wails is consistent with preferential confinement of the youngest crust to the Inner Floor. We note here a few observations, based on photography and sampling of part of the Inner Floor, which focus on the problem of recognizing the sur- face expression of the locus of new crust, The rocks dredged from the "Charcot" are ail basalts but represent differences in lava morphology, vesicularity and the content and size of megascopicaily conspicuous plagioclase and olivine crystals. The dredged rocks also differ in age, using as criteria the preservation of fragile glass rims and visuaiiy estimated thicknesses of surface accumulations of palagonife, manganese oxide and semi-indurated calcareous sediment.
Large, weathered, columnar-jointed, quasi-pyramidal pillows, without glass, or with only deep layers of the glassy surfaces preserved, characterize the dredge-hauls from the feet and slopes of scarps on the western side of the Inner Floor (D9 and D10; Fig.  4) . In contrast, the other dredge-hauls (Fig. 4) include apparently younger lavas which were not found in D9 or Dl 0.
Small, glassy berlingot (quasi-spheroida1)-shaped fragments with conchoidal fracture, some of which exploded on deck, were dredged on the eastern slope of the eastern trough near 36O49'N (Dl 1, Fig. 4) , together with basaitic slabs about 2 cm thick that may be parts of lava pipes [19-2 1 1, or fragments of pillow surfaces. Similar slabs were dredged further north (D8, D12, Fig. 4) , and glassy fragments resem-
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bling the berlingots of D l 1, but larger, occur in D l (Fig. 4) . Relatively fresh specimens with megascopically conspicuous olivine crystals were recovered, together with more weathered rocks, from both slopes of the Central High (D4, D8, Fig. 4 ) and from further north (D12 , Fig. 4) . The olivine crystals rnay be accompanied by small plagioclase crystals and, in some specimens, they lie immersed in glassy skins that cover the surface of quasi-ellipsoidal pillows.
The information gathered from the sea-floor photographs supports the evidence of the dredged rocks that exposures of very fresh lava occur within the Inner Floor.
Pillows are commonly quasi-ellipsoidal, phallic, yam-like or twisted; many have well-preserved cracked surfaces with suture-like fissures or show spalling of outer layers, indicating recent, rapid cooling. Several pillow morphologies that are little disrupted, or undisrupted, indicate downslope flow (Fig.  9A) . Some flows have sheet-like or intact, massive, and irregular upper layers, and these flows rnay be associated with slopes that are relatively not too steep (central part of T6, Fig. 4; Fig. 9R ). Scattered pillows on sediment-covered surfaces suggest detachment and down-hi11 tumbling. Sediment-free fields, typically made up almost exclusively of large, angular, broken pillow fragments, resembling rail-road ballast but Loarser, rnay lie in topographic lows or near the feet of slopes (western part of T6, P l , westcentral part of T5, T l , Fig. 4; Fig. 9C ).
Relatively thick sediments mask underlying relief on elevated flattish areas of the eastern slopes of the eastern trough (Tl, T4, T5, T6, Fig. 4) , and there are also areas relatively well covered by sediment on parts of the top of the Central High (T2, Fig. 4) . The recovery of an 1-m core of carbonate ooze (50 cm) and glass particles (Cl, Fig. 4 ) from the deep central area north of 3 6 ' 5 2 '~ indicates the thickness of some accumulations of sediment within the boundaries of the Inner Floor. Locally, concentrated or dispersed glzss fragments are a feature of the sediment cover, and some of the sediment surfaces have a linear grain; piling-up of sediment rnay further suggest current activity .
Small, steep-sided plateaux occur above and east of the eastern trough of the Inner Floor (T4 and T5, Fig. 4 ) and on the Central High (northern part of T2, Fig. 4; Fig. 9D ). The edges of the plateaux rnay be small lava flow-fronts or faults outlined by the sediment cover.
Some differences of rock-types, lava morphologies and sediment cover are attributed to local differences of structural setting; but the weight of the combined evidence of the photographs and rocks, although clearly limited, is that at least the slopes of the eastern trough and Central High are partially covered by fresh lavas.
The possibility that the locus of new crust rnay be confined to a very narrow zone is more appealing on grounds of magnetics [3-61 than the alternative that loci of new crust are spread across a relatively broad zone within the Inner Floor. The morphology indicates that, south of 36°48'N, the locus of new crust, or the locus where new crust will be emplaced, rnay occupy a zone as narrow as 0.5 km or less (section 2.2). If it occupies a similarly narrow zone further north, and there is no large offset (section 2.2), then it could lie either along the eastern trough or be the Central High itself.
The presence of sediment-covered, flattish surfaces on the Central High (Fig. 9D) , and its near attachment to the Rift Valley walls, rnay perliaps be taken as evidence that the Central High is not of purely constructional origin but involves uplift. Implications of such an inference are that the locus of new crust (plate boundary) lies along a flanking trough, that uplift starts almost immediately after crust is created [22] , and that it involves crustal blocks of limited (2-3 km) length along strike. A consequence would be the development of transverse fractures that interrupt the continuity of the Central High along strike. The occurrence of large, fresh, olivine crystals in some of the dredged rocks (T8 and T 12, Fig. 4) , and of very fresh flows on part of the Central High (T6, Fig. 4; Fig. 9B) , could possibly reflect the presence of such a fracture near 36'50.5'~.
On the other hand, if the Central High is a locus of crustal emplacement, built over fissures and of purely constructional origin, then uplift of crust presumably does not take place until a minimum distance or crustal age is attained, either within the Inner Floor or at its borders. Any prominent fissures within the Inner Floor, if analogous to those of terrestrial fissural fields, are likely to be discontinuous along strike, and offsets of the locus of new crust would be expected. In addition, Central High-type volcanoes, Fig. 4) . B. Intact piUows with cracked selvages, on gentler slope than A (Tb, Fig. 4) . C. Field of broken, angular, columnarjointed, pillow-lava fragments having average intermediate diameters of approximately 30 cm (Tl, Fig. 4) . D. Linearedged plateau covered with pock-marked sediment and with intact pillow lavas and fragments in background.
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or split portions of them, rnay migrate laterally across the Inner Floor before uplift.
Comparison with other parts of the Rift Valley
Major features of the segment of Rift Valley described in this paper appear to be quite typical of the Rift Valley as a whole. We have made use, for comparative purposes, of maps and profiles drawn from several parts of the Rift Valley where the tectonic and magnetic setting is relatively well defined, namely from 4 7 "~ [12] and 22"N [13] in the North Atlantic; from the East Sheba Ridge in the northwestern Indian Ocean [15] ; from the Corda Ridge in the Pacific [14, 221 ; and from the Carlsberg Ridge in the Indian Ocean [23, 24] .
Heights of the inner edges of the Rift Mountains, as we define them, are from 1.2 to 1.8 km above the axis of maximum depth of the Rift Valley; a representative mean is about 1.5 km (Fig. 7) . The width of the Rift Valley varies from about 30 to 35 km. The walls are characterized by steps of rather uniform width and arrangement, but some steps appear to be coupled together and the number of steps rnay Vary. Differences of elevation between many of the large adjacent steps are 200-400 m. The distance between the inner slopes of the major steps resting at the reference level (section 2.1) ranges from about 8 km to 16 km (Fig. 7) . The morphology of the Rift Valley rnay change over short distances dong strike and the steeper wall rnay switch from one side of the Rift Valley axis to the other.
Inner Floors of the Rift Valley have a range of widths from less than 2 km to about 9 km and some contain features that rnay be similar to the Central High near 36O48'N in the Atlantic (section 2.2; Fig.  7 ). Topographic highs in the deepest part of the Rift Valley near 47ON were mapped as a continuous feature longer than 9 km [12] and, immediately to the south, depressions and hummocks have been described [25] . Topographic highs have also been reported to occur near 22ON in the Atlantic [13] and within the deepest part of the Rift Valley of the Gorda Ridge [ 141.
An estimate of spreading rate derived from magnetic data is available for at least one limb of the segments of the Rift Valley that we have compared. Differences of observed half-widths of the Rift Valley rnay reflect different spreading rates (Fig. IO) which, in turn, rnay explain an asymmetric location of the axis of a segment of Rift Valley with respect to the inner edges of the Rift Mountains. Computed rates suggest that the age of the edges of the Rift Valley is, in the cases examined, approximately 1.5 m.y. (Fig.  10) . Implications are that the residence time of new crust in the Rift Valley -an important parameter for models relating to the origin and dynamic stability of the Rift Valley -is approximately constant, and that approximate mean spreading rates can be deduced from the morphology of the Rift Valley. Assuming uplift of the Inner Floor of the Rift Valley (section 6), the deduced average rate, 0.1 cm yr-', is the same as the rate of uplift in the Gorda Ridge Rift Valley that was found using foraminiferal evidence [28] , and is the same as the inferred rate of subsidence for the first million years after crustal creation on the Juan de Fuca Ridge [29] . Other estimates of subsidence rates are an order of magnitude smaller [30] .
Explanations for the origin of the Rift Valley

-
The vertical relief and the width of the Rift Valley preclude that the valley is either a simple, downfaulted graben in brittle lithosphere of uniform thickness under isostatic equilibrium [3 11, or that it is associated with uplift brought about by the injection of quasi-horizontal dykes [32] . The presence of a negative residual gravity anomaiy near 45"-46'N is evidence that the Rift Valley is not in isostatic equilibrium. However, the narrowness of the zone of mass deficiency underlying the Rift Valley irnplies that recovery of equilibrium is efficient and rapid outside of this zone [33] .
Osmaston's model
Osmaston [34] has adopted the suggestion [31] that the Rift Valley floor is maintained out of isostasy by viscous drag of upwelling magma against colder fossilized margins of newly created lithosphere. In Osmaston's explanation the buoyant force applied to each plate increases as the separation continues until the shear strength of one of the two plates is exceeded. The part of the plate between the surface of rupture and the axis of crustal emplacement then rises in response to load reduction. Uplift is thus considered to be the result of upthrust faulting in the upper part of the Rift Valley walls, or just outside them. In a steady state, the level at which the quenched upper surface of the upwelling material is established should stay approximately the same, and the rise of either of the two plates would result in the creation of a new step in the Rift Valley. Blocks that have risen too high above their level of isostatic balance are considered to subside through reverse faulting in the Rift Mountains province. Ostmaston assumes that plate accretion is symmetrical and attributes morphological asymmetry of the Rift Valley to lack of simultaneity of uplift of the plates.
Features of Osmaston's model are appealing. The great relief of the Rift Valley is explained, and the possibility that the axis of accretion changes from one side to the other of the Inner Floor of the Rift Vaiiey can be accounted for. Furthermore, some degree of asymmetry of the Rift Valley walls can be expected if upthrust faulting is predominant on one side. A serious difficulty with the model is that no evidence of thrust faulting is seen in focal mechanisms for Mid-Oceanic Ridge events, even from local sonobuoy arrays; in addition, there is no firm evidence for an upward decrease of the vertical interval between steps on the walls.
Discussion
We have noted that elevation of crust of the walls above the Inner Floor of the Rift Valley may be associated with the age of the sea floor (sections 3 and 5), as are the subsidence rates of oceanic crust on the flanks of the Mid-Oceanic Ridge [30, 35] . If this is true, a rough estimate of average accretion rates for the last 1 or 2 m.y. can be made from the slopes of the Rift Valley walls, and constraints are placed on the physical mechanisms responsible for uplift (section 5).
When two newly formed segments of lithosphere separate, it seems likely that the brittle portions of the plates thicken rapidly. In Parker and Oldenburg's thermal model [36] , they are 12-14 km thick under the edges of the Rift Valley where we suggest that the floor is about 1.5 m.y. old (Fig. 10) . The brittle lithosphere may be 3-5 km thick [36-381 under the Inner Floor (section 2.2). Possibly, there is a critical age at which the thickness of the newly formed plate segment is such that the plate segment rises with the adjacent older portion of plate, producing decoupling at or near the axis of accretion, where mechanical strength of the lithosphere is least. If the uplift occurs always when a given plate thickness is reached, then the uplift of the plate may be nearly constant; and if, as in Osmaston's model, the level of emplacement of new material is also approximately constant, a new step would be created after each phase of uplift. The stepmaking might well be accompanied by vulcanism.
As the plate gradually thickens, the uplift of the plate between the axis of intrusion and some point in the Rift Mountains would take place as a whole, and al1 faults would be normal; normal "unfaulting" (faulting on planes dipping away from the Rift Val-ley) might take place in the Rift Mountains. In this interpretation, termination of uplift of new crust would be associated with a horst-like feature (see Fig.  7 for possible examples), and the finite width of the Rift Valley would be related to the time-constant of the process of recovery of initially depressed crust to near isostatic equilibrium, the recovery itself being dominated by the process of lithospheric thickening. The growth of the lnner Floor (section 2.21, both in width and in the vertical relief of constructional featnres within it, would be limited by the uplift process. Uplift, which is irreversible, could contribute to asymmetry in total accretion if it is net required that decoupling takes place precisely at the axis of accretion, or that uplift of the Rift Valley walls is always in phase. Differences of uplift history may also contribute to differences along the strike of even short segments of the Rift Valley.
The tentative model that we have outlined fits the limited observations noted in this paper but several implications are worth stressing. The lnner Floor should be younger than the Rift Valley walls and fossil Inner Floors, or parts of Inner Floors, should be preserved on the walls. The faults on both walls should be anthithetic (e.g. [39] ), and the dip of the fault surfaces should decrease towards the edges of the Rift Valley. External rotation of steps on the walls should be recorded, and may have been recorded [40] , in the remanent magnetization vector frozen in the magnetized layer. Active normal faulting, and accompanying large earthquakes, should be associated with the deepest scarps of the Rift Valley and, possibly, with scarps outside the edges of the Rift Valley. Other major scarps should be essentially fossil fault surfaces.
